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Introduction
Governments considering direct investments in broadband infrastructure or extension of universal service obligations to cover broadband services should take the societal costs and benefits of such interventions into account. Regulatory intervention in these markets should only be contemplated where it can address market failures such as the presence of unpriced externalities. The presumed benefits of intervention tend to include increased adoption and use of services among poorly-served areas and groups, which in turn may be associated with external benefits. However, such benefits should be weighed against the costs of intervention before any particular measure is adopted.
The research question in this paper concerns how quickly residential broadband adoption rises following an improvement in the local availability of broadband services and what socioeconomic factors influence the level of adoption in a small, low-density European country: Ireland. While the first part of this question is more novel, both issues are of policy relevance. The expected time pattern of residential adoption following introduction of broadband services to an area affects the present value of the benefits from investment in a given area. Faster adoption implies a stronger case for investment, ceteris paribus. Information on the characteristics of adopters and non-adopters can also inform the case for public intervention in broadband supply as well as the scope for complementary policies such as educational measures.
Addressing this question requires data on who adopts broadband, their household characteristics and the local availability of broadband services over time. This paper focuses on the Republic of Ireland, using data drawn from two main sources. fixed line local exchange areas in Ireland and the date at which each was enabled for ADSL services (for those that were enabled in the period).
1 These two datasets have been combined using a geographical information system (ArcGIS 9) to impute the average time since ADSL services were enabled for customers in each ED.
I use regression analysis to explain the penetration of broadband at ED level in 2006,
as a function of ED population characteristics and the average time elapsed since ADSL was made available to households in each ED.
As well as broadband availability affecting the scope for adoption of services, it is likely that the expected level of adoption affects the order in which areas are enabled.
This simultaneity between supply and demand factors is allowed for using the population density of each area as an instrument for identifying the time since enabling, because it affects the supply side (via economies of density in ADSL)
without having any obvious effect on household demand.
The next section of the paper refers to some of the extensive past research on residential broadband adoption as a source of hypotheses about what factors affect broadband demand and supply. Section 3 describes the modelling approach, and 1 ADSL refers to "asynchronous digital subscriber line", a technology and set of associated standards that permit high speed digital communications to be carried over copper telephony circuits.
Section 4 discusses the data used. Section 5 describes the regression results and Section 6 provides some conclusions.
Previous research on residential broadband adoption
A growing body of literature exists on the determinants of residential broadband demand and supply. Much of this work relies on discrete choice modelling of household data in a particular market, as in Rappoport et al. (2003) . Another approach is to use cross-country data. For example, Billon et al. (2009) Waldman (2005, 2009) ). Most studies using these approaches focus on the determinants of demand, without explicitly modelling supply factors.
In this paper I model demand and supply of broadband together. Glass and Stefanova (2010) and Prieger and Hu (2008) are recent examples of this approach.
An important advantage of these models is that they allow for the conditionality of broadband demand on local provision of service.
Existing studies identify a wide variety of factors that influence residential broadband demand and supply. Significant influences on demand include prices, reliability and quality of service, as well as a range of customer characteristics including income, age, education and technical ability. On the supply side, perhaps the most significant factor is urban/rural location. Population density more generally 2 Information and communication technologies and the degree of competition in the market are also highlighted in the literature.
The typical findings as to direction of effects are outlined below.
Household income is normally found to be a significant positive contributor to the rate of broadband adoption. The price of services, not surprisingly, tends to have a negative effect. Reliability and quality of service are less studied, but would be expected to increase adoption; for example, Prieger and Hu (2008) find a negative association between distance from the local exchange and adoption rates. They interpret this as a quality effect, as data speeds feasible with ADSL tend to fall with increasing line length. However, Glass and Stefanova (2010) report no significant effect between mean distance to from exchange to customer and the decision to offer DSL service.
Education is generally found to have a positive effect on broadband adoption, as in Rappoport et al. (2003) , Savage and Waldman (2005) , Billon et al. (2009) for ICT generally, and ComReg (2009) for broadband in Ireland specifically. However, there are rare exceptions (e.g. some of the models in Prieger and Hu (2008) suggest that college graduates have lower broadband demand). Savage and Waldman (2009) emphasise the importance of technical ability as a positive influence on broadband access and use, as opposed to more general measures of educational attainment. In the context of Ireland, DCMNR (2006) also finds that the availability of technical skills in a household increases the uptake of broadband.
The international findings on the effect of age on broadband demand are somewhat more varied. For example, Rappoport et al. (2003) and Prieger and Hu (2008) show results from several models in which ADSL adoption is negatively associated with age. In contrast, Billon et al. (2009) find that in developing countries population age has a positive effect on ICT adoption. However, for developed countries it seems clear that the oldest age groups are less prone to adopt broadband than the rest of the population.
In common with earlier fixed line communications technologies, the 'last mile' of copper-based and fibre-based broadband networks is generally understood to exhibit strong economies of density. Forfás (2010) Finally, concerning the effect of time since a local exchange was enabled on broadband adoption, Prieger and Hu (2008) find a weak, but positive and highly significant effect, using US data.
There are fairly consistent messages from the literature concerning the factors that incline residential customers to take up broadband. Past research typically identified price (negative), education (positive), technical skills (positive), competition (positive) and age (negative) as the main factors driving broadband demand.
Population density or (related to it) rural/urban location are the most frequently cited supply factors, with higher density normally associated with increased broadband availability.
Modelling approach
This section describes the model and estimation method used in the paper.
Theoretical model
The theoretical model behind this analysis is straightforward. I assume that a household's potential utility from adopting broadband services is a function of certain socioeconomic characteristics. This is in line with the literature. However, in an extension to the usual approach, I allow for the possibility there is some lag between the service becoming available to a given household and the decision to adopt. There are many possible reasons for such a lag (e.g. imperfect information, behavioural biases). I assume here that there is only one provider of broadband network access, which is a reasonable simplification for ADSL services in Ireland during the period being studied. Of course, both demand and supply choices might also be influenced by the presence of other technologies, particularly fixed wireless and cable-based services, that were being introduced during this period. Since there is little public information on the rollout and take-up pattern for these services during the period, the best I can do is impose simple proxy variables for demand and supply shifts associated with fixed wireless coverage when estimating the econometrics.
The household will adopt broadband if its expected utility is high enough, but obviously only if broadband is available to it. On the supply side, offering broadband services in a local area requires investment, for example installation of modems in local exchanges or wireless base stations. Local areas are only enabled for broadband when the expected stream of future profits from doing so becomes positive. The cost of supplying broadband is assumed to exhibit economies of density, so assuming demand rises over time, more densely populated areas will be enabled first, ceteris paribus.
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The remainder of this section sets out the model in more formal terms. The demand model can be summarised thus:
where B is a 1/0 indicator of whether broadband services are taken up, X is a vector of socioeconomic characteristics, P is the geographically averaged unit price, S captures the quality of service and content that is available to broadband customers, which is assumed to grow over time and to be constant across areas at any given time, and f j t is the earliest time period that broadband services were enabled in the household's area. A household's propensity to adopt broadband should be negatively associated with the price and positively associated with its quality and the time elapsed since enabling.
As the available data (discussed in the next section) are averages for geographical areas, the demand function can be expressed as:
where N is the number of households in the area, V is a matrix containing the shares of each socioeconomic characteristic in the population of the area and g is a function.
When I come to estimate this function econometrically, the price and quality effects will form part of the constant, since they are assumed not to vary across areas in a given period.
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The choice as to whether to enable broadband in an area can be expressed as:
where E is a 1/0 indicator of whether broadband services are enabled in the area, k is an index of future time periods, C is the relative unit cost of supplying broadband in the area, d is a discount rate and h is a function. The absolute average cost of supplying broadband will vary over time, but I assume that access regulation is applied that imposes a fixed relationship between the average cost and price charged, so the cost need not enter the model separately. The choice of enabling an exchange should be positively associated with price and demand, but negatively associated with the relative cost of supplying the area. Adoption of broadband in an area will obviously be affected by whether the area has been enabled for ADSL service, but supply will also affect demand via the time elapsed since enabling:
where P, S and C are vectors of past and expected future prices, quality/content levels and relative unit costs; m is a function. The effects of P and S will fall into the constant term when this equation is estimated using cross-sectional data. I assume that C is inversely proportional to the population density of the area.
Equations 2 and 4 can be estimated using available data using an econometric model discussed in the next sub-section.
Econometric model
Demand and supply of access to residential broadband services are determined simultaneously. Although I am mainly interested in the demand side, estimating the demand equation in isolation would lead to endogeneity problems. Fortunately, there is a good instrument for the cost of supplying broadband in a local area: population density. I use this instrument to identify the supply function in a two-stage least squares regression, with the demand equation as the second stage. Demand is thus estimated conditional on supply conditions.
First stage (supply) regression -Equation 4 above
The dependent variable in the first stage regression is the average time (in years)
since ADSL was enabled in the local exchanges to which addresses in each ED are connected. Note that this variable has a lower bound of zero. To facilitate estimation, the average time variable is transformed to the [0,1] interval before estimation by dividing each observation by the maximum value in the sample (given in Table 2 below). I then transform the predicted values back into years before including them in the second stage regression to make interpretation of the second stage results more straightforward.
To allow for varying costs of supplying ADSL services across EDs, I include the level and squared value of population density. ADSL supply should have a positive association with population density, and possibly a negative one with the square of density (implying positive but diminishing economies of density). All other explanatory variables employed in the demand model are also included in the first stage regression. These variables are discussed in more detail below.
Second stage (demand) regression -Equation 2 above
The dependent variable in the second stage regression is the share of addresses in each ED that had obtained access to broadband services as of 23 April 2006. This is based on self-reported census data, so it is not possible to provide a strict definition of what is included within the term "broadband" in this paper.
The predicted time since enabling of ADSL in each ED, as estimated in the first stage regression, is included as a regressor here. The squared value of this variable is also included to allow for the possibility of a non-linear time effect. As a proxy for the availability of other broadband platforms, I include the share of addresses in each ED that were within the footprint of fixed wireless services (assumed to be a substitute for ADSL) in 2008.
Prices of residential ADSL services are geographically uniform across the sample, so own-price terms are not included in the regressions. Prices of substitutes such as wireless or cable broadband services tended also to be offered on a geographically averaged basis. In any event, I was not able to obtain geographically detailed price information for such services, so prices of substitutes are not included either.
Finally, a large number of demand-shifter variables are included, based on EDs'
socio-economic characteristics. Details are provided in the next section. Previous research suggests that there should be significant associations between residential broadband demand and education (positive), age (negative), income (positive), social class (positive, as a proxy for long run income and assets) and PC ownership (positive). In addition, one might expect to see positive effects from the shares of people in an area working from home or born abroad (with the latter serving as a proxy for likely demand for long-distance communications). Finally, we include the share of persons in each area who speak Irish at least once per day outside a school context. Since more internet content is in English than in Irish, one might expect a preference for speaking Irish to have a negative association with demand for broadband services.
Estimation method
The dependent variables in both of the regressions are fractional (i.e. they fall in the closed interval [0,1]). OLS suffers from well-known shortcomings when applied to such data. Since many observations take a value of 0 and some are equal to 1, the option of simply applying a logistic transformation to these variables and then using OLS is not available. I therefore use the GLM quasi-likelihood estimator introduced in Papke and Wooldridge (1996) (hereafter referred to as 'fractional logit'). 
Data employed
The paper draws upon two main sources of data for modelling Irish residential household incomes. However, these proxies are the best currently available. Table 1 below summarises the variables drawn from each of these sources. Creating the wireless broadband coverage variable was more straightforward. I identified which addresses were in coverage in 2008 according to the DCENR digital map and then calculated the share of addresses in each ED that were covered.
Descriptive statistics for the variables used in the paper are shown in Table 2 . 
Results
Marginal effects from the regressions are set out in Table 3 (first stage; supply) and 
Time lag in effect of ADSL supply
On average, an extra year since local enabling of ADSL is associated with an increase of 6 percentage points in average ED-level broadband take-up (Table 4, marginal effect of AvgTimeSinceADSLhat) for the EDs in our sample. This effect is significant at the 1% level, and it is sizeable when compared to the 10.6% average ED-level broadband penetration rate in the sample. In other words, I find strong evidence that areas enabled for longer had higher broadband adoption. .
06
.08
Effect of extra year on local broadband penetration rate with 95% confidence interval 0 .5 1 1.5 2 2.5 3 3.5 4 4.5 Time since local exchange enabled (years) I now turn to other determinants of broadband demand and ADSL supply, starting with demand as this is the main focus of the paper before turning to the supply results.
Demand equation
The results for the second stage ( There is little pattern to the effects from sector of employment (where commerce is the reference category), with modest negative effects from agriculture, the public sector and the professions and positive effects from manufacturing and building.
There is no significant effect for household income, persons working from home, Irish speakers, those born abroad or persons over age 15 still in education. The non-result for income probably has to do with the weak proxy used (county average income). Family structure, with a reference category of families with children, shows significant positive effects for single persons, couples without children and single parent households.
The presence of wireless broadband coverage in an area has a weak but significant negative association with take-up of broadband generally. This may be a spurious association or it may be an artefact of the way I have modelled this variable; as we shall see below, wireless penetration shows a stronger positive effect in the supply equation.
Supply equation
The first stage (supply) equation was estimated principally to correct the demand equation Other terms on the supply side are less easy to interpret. PC ownership and the prevalence of different levels of educational attainment are not generally significantly different from their reference categories. There is some evidence of an unexpected negative association between areas with a high proportion of degree holders and ADSL supply. ADSL seems to be enabled sooner in areas with higher proportions of over-65 year olds or those born abroad, but later in areas with a larger number of people working from home. There is a strong positive association between ADSL enabling and the proportion of people in an ED working in the commercial sector compared to all other sectors.
Conclusions
It takes time for households in an area to take up broadband services once they are offered, even apart from any tendency for broadband demand to rise over time across the whole population. I have examined the diffusion of ADSL services in Ireland during the early 2000s, and the relative rate of broadband adoption in local areas seems to accelerate for the first two years after enabling. It then declines to zero after another three years or so.
It was not possible to cast much light on the reasons for these time effects in this paper, because there is no information at small area level on households' knowledge of or attitudes to broadband services in Ireland. The presence of local network effects (i.e. the value of access is higher if your neighbours have it too) is one possible explanation.
Whatever the reason for the lags, commercial suppliers planning to roll out services and public bodies contemplating subsidies or universal service provisions for extensions to broadband network should take the expected time profile of adoption into account. Based on these results, one would expect that initial adoption rates in a given area will be lower than the current period average for previously-enabled areas. This implies a reduction in the net present value of enabling each area, compared to a model where adoption rates are invariant to the time since enabling. However, these results also imply that low initial adoption in an area is not the final word on the area's potential. Adoption rates should be expected to accelerate for a period of years following introduction of local services.
This analysis benefitted from availability of geographically matched data on the supply of ADSL and socioeconomic data including take-up of broadband. Controlling for variations in supply is important when estimating the determinants of demand, and this is not always done in the literature due to data limitations.
However, there are also some shortcomings in the available data. Panel data at household level would have been preferable to cross-sectional data on areas (although it was possible to include the time dimension of ADSL availability). It would be interesting to measure the effects discussed here in a jurisdiction where household level panel data on actual (as opposed to perceived) availability and use of broadband services could be obtained. This paper provides support for the empirical observation that broadband adoption increases with the time since local services are enabled, but it does not cast much light on the mechanisms behind it. That is left for future work. 
Annex 1 -Regression results: fractional logit coefficients

